Reduction of MoO
INTRODUCTION
Molybdenum oxide-based catalysts are extensively employed for the partial oxidation of alkenes both in industrial 1 To whom correspondence should be addressed. Fax: (+49) 30 8413 4405. E-mail: Ressler@fhi-berlin.mpg. de. applications and in academic research. Therefore, the properties of a large variety of molybdenum-containing systems have been studied in detail, in particular to elucidate relationships between the structure of these systems and their catalytic behavior. A comprehensive review on selective oxidation on metal oxide catalysts including molybdenum oxides and molybdenum-containing binary oxides was recently published by Grzybowska-Swierkosz (1) and refers to a number of other review articles on the same subject (2) (3) (4) .
The increasing complexity of multiple-component systems (binary or higher mixed oxides containing molybdenum and other metals) makes studies on the correlation between catalyst structure and behavior difficult. Thus, many of the studies conducted in the past used pure molybdenum oxides as model systems for mixed oxide "real catalysts." One of the "model reactions" investigated in detail is the partial oxidation of propene to acrolein on molybdenum trioxide, MoO 3 . With respect to a reaction mechanism, it appears to be agreed that the reaction starts with adsorption of propene on the surface of the catalyst, abstraction of hydrogen, and the formation of an allylic species (5, 6) . Subsequently, oxygen from the bulk of the catalyst may be incorporated into the allylic species, affording the partial oxidation product acrolein or the total oxidation product carbon dioxide. This mechanism is referred to as the redox mechanism (or Mars-van Krevelen mechanism (7)) and consists of alternating oxidation and reduction of the metal oxide catalyst surface and/or bulk. Varying degrees of participation of bulk oxygen in partial oxidation reactions have been reported in the literature. For the three oxides V 2 O 5 (674-823 K), MoO 3 (873-1023 K), and WO 3 (973-1073 K) it was found that practically all of the oxygen from the bulk could be exchanged with 18 O 2 and, hence, could participate in oxidation reaction proceeding on the surface of the catalysts (8) (9) (10) .
The reduction of MoO 3 is a crucial step in the redox mechanism of partial oxidation reactions on this material, and therefore, the reduction of MoO 3 with propene and hydrogen has been studied to a large extent. Formation of partially reduced molybdenum "suboxides" during reduction has been reported as a result of the redox mechanism and the difference in rates of catalyst reduction and reoxidation (1) . For oxidation of 1-butene over bismuth molybdate catalysts in the temperature range 750-840 K, Batist et al. suggested a mechanism consisting of a surface reaction followed by oxygen vacancy diffusion in the solid (11) . However, it seems that only in the near stoichiometric region (MoO 3−x , with x close to zero) is reduction of MoO 3 compensated for by oxygen vacancies in the bulk. With increasing density of oxygen vacancies in the bulk, Gai-Boyes has shown by transmission electron microscopy that crystallographic-shear (CS) planes are the compensating for defects in the MoO 3 structure (12) . Furthermore, oxidation of propene on the MoO 3 layer structure was reported to be structure sensitive. However, interpretation of the results presented in the literature is controversial (5, (13) (14) (15) (16) (17) .
In addition to reduction of the metal oxide catalyst, reoxidation of the catalyst bulk is the other crucial step in the redox mechanism. The oxidation step needs to follow the reduction of the metal oxide by the alkene in order to replenish the oxygen in the bulk of the metal oxide catalyst. However, compared to investigations of the reduction of molybdenum oxides, much less can be found regarding the oxidation of molybdenum oxides with oxygen. It is suggested that oxidation of molybdenum suboxides to MoO 3 is only complete above a certain temperature (∼700 K) and that some intermediate phases may be formed during oxidation (18, 19) .
Investigations of the correlation between structure and reactivity of heterogeneous catalysts need to be performed in situ (i.e., under reaction conditions at elevated temperature and in a reactant atmosphere) with simultaneous monitoring of the catalyst structure and the gas phase composition (20) . Of the bulk techniques which can be employed to study a catalytically active material in situ, we used Xray diffraction (XRD) and X-ray absorption spectroscopy (XAS). In addition to steady-state investigations, both techniques permit experiments with a suitable time resolution to monitor the structural evolution of bulk phases and from that to elucidate the solid-state kinetics of reactions of the catalyst bulk (21) (22) (23) (24) .
In this work the complementary techniques in situ XRD (long-range bulk structure) and XAS (short-range bulk structure) are employed to elucidate phase compositions, structural evolution, and solid-state reaction kinetics of the reduction of MoO 3 with propene and the oxidation of MoO 2 with oxygen not readily available from conventional thermoanalytical investigations. Both isothermal and temperature-programmed experiments under various reactant concentrations are presented. A comprehensive mechanism for the reduction and the reoxidation of MoO 3 is proposed and the consequences of this mechanism for the partial oxidation of propene on MoO 3 are discussed.
EXPERIMENTAL

MoO 3 Preparation and Characterization
Molybdenum trioxide (MoO 3 ) was prepared by thermal decomposition of ammonium heptamolybdate (AHM), (NH 4 ) 6 Mo 7 O 24 · 4H 2 O (Aldrich Co.), in flowing synthetic air (RT to 773 K at 2 K/min, held for 2 h at 773 K). Commercially available MoO 2 (Aldrich Co.) and MoO 3 (Aldrich Co.) were used as purchased. Phase purity of the compounds used was verified by XRD. MoO 3 employed in this study is identical to that used in Ref. (25) (BET surface area of ∼5 m 2 /g; average crystallite size of ∼75 nm). Scanning electron micrographs of MoO 3 obtained from thermal decomposition of AHM in air at 773 K exhibit a particle size of about 200 nm and only minor anisotropy in the crystal planes exposed.
X-Ray Diffraction
Ex situ X-ray diffraction measurements for phase analysis were conducted using a STOE transmission diffractometer STADI-P (Ge primary monochromator, Cu K α radiation) equipped with a position-sensitive detector. Crystallinephase identification based on XRD patterns was aided by the ICDD-PDF-2 database. Lattice constant refinement and quantitative phase analysis were performed using the software PowderCell v2.3 (26) . The accuracy of the quantitative phase analysis was verified using a series of mechanical mixtures of MoO 2 and MoO 3 .
In situ XRD experiments were carried out in Bragg Brentano scattering geometry on a STOE STADIP P diffractometer equipped with a secondary monochromator (Cu K α radiation) and a scintillation counter operated in a stepping mode. The in situ cell consisted of a Bühler HDK S1 high-temperature diffraction chamber. Details of the XRD setup can be found elsewhere (25) . The gas-phase composition at the cell outlet was analyzed online with a Pfeiffer Prisma 200 quadropole mass spectrometer in multiple ion detection mode. In situ XRD measurements were conducted under atmospheric pressure in flowing reactants (∼100 ml/min total flow). The effective heating rate used in temperature-programmed experiments depends on the measuring time per diffraction pattern and is given with the experimental data in the following (see Table 1 ).
In Situ X-Ray Absorption Spectroscopy
For in situ XAS experiments the molybdenum oxides were mixed with boron nitride (ratio 1 : 4) and 37 mg of the mixture was pressed with a force of 1 ton into a 5-mmdiameter self-supporting pellet. The absorption jump, µx, at the Mo K edge was ∼2. In situ XAS experiments were performed in transmission in a flow reactor (27) at atmospheric pressure in flowing reactants (30 ml/min). Temperature-programmed experiments were conducted at a constant heating rate of 5 K/min. The product composition in the gas outlet was continuously monitored using a mass spectrometer in multiple ion detection mode (QMS200 from Pfeiffer) with a time resolution of ∼2 s per spectrum. Further details about the experimental XAS setup can be found in Ref. (25) .
In situ transmission XAS experiments were performed at the Mo K -edge (19.999 keV (28) ) at beamline X1 at the Hamburger Synchrotron Radiation Laboratory, HASYLAB, using a Si(311) double-crystal monochromator in the "Quick-EXAFS" mode (29) (measuring time, ∼2 min/scan). The storage ring operated at 4.4 GeV with injection currents of 150 mA. Time-resolved in situ XAS experiments were carried out at the Mo K -edge utilizing an energy-dispersive spectrometer (European Synchrotron Radiation Facility, ESRF, ID24 (30)) equipped with a curved Si(111) polychromator in a transmission mode (31) (measuring time, ∼3 s/scan). The storage ring operated at 6.0 GeV with injection currents of 90 mA in a 16-bunch mode.
XAFS Data Analysis
X-ray absorption fine structure (XAFS) analysis was performed using the software package WinXAS v2.1 (32) following recommended procedures from the literature (33) . Background subtraction and normalization were done by fitting linear polynomials to the pre-and postedge regions of an absorption spectrum, respectively. The Mo K -edge absorption threshold was determined from the first root in the first derivative of the near-edge region (XANES). Principal component analysis (PCA) was used to identify Mo oxide phases present during the reduction of MoO 3 and oxidation of MoO 2 . Given a set of molybdenum reference spectra ( Fig. 1) , PCA can identify those references that constitute probable components in the original set of experimental XANES spectra. Subsequently, after determination of the number and types of phases present, a least-squares fitting procedure can be applied to obtain the fraction of each reference phase under oxidation/reduction conditions. Hence, XANES analysis can afford information on lowconcentration (∼1 wt%) or amorphous phases not readily available with XRD. Details on PCA and the numerical procedures employed can be obtained from the literature (34, 35) .
Cubic splines were used to obtain a smooth atomic background, µ 0 (k), and to extract the X-ray absorption fine structure (EXAFS) χ(k). The radial distribution function FT(χ(k)) was calculated by Fourier transforming the k 3 -weighted experimental χ(k) function, multiplied by a Bessel window, into the R space. EXAFS data analysis was performed using theoretical backscattering phases and amplitudes calculated with the ab initio multiple-scattering code FEFF7 (36) . Single-scattering and multiple-scattering paths in the employed model structures were calculated up . Structural parameters that are determined by a least-squares EXAFS fit to the experimental spectra are (i) two E 0 shifts for oxygen and molybdenum backscatterers, (ii) two Debye temperatures for oxygen and molybdenum backscatterers, and (iii) distances of single-scattering paths, which were allowed to vary, and distances of multiplescattering paths, which were correlated to the corresponding single-scattering paths. Coordination numbers (CN) were kept invariant in the refinement. EXAFS refinements reported here were conducted in R space to magnitude and imaginary parts of a Fourier transformed k 3 -weighted experimental χ(k). More details about the XAFS fitting procedure employed can be found in the literature (37, 23) .
RESULTS
Molybdenum Oxide Reference Compounds
Mo K near-edge spectra of various molybdenum oxide references are shown in Fig. 1a . Details about the preparation of the reference compounds can be found elsewhere (38) . The significant differences in the shapes of the spectra correspond to the different crystal structures of the molybdenum oxides. Hence, principal-component analysis of in situ time-resolved XAFS data can be readily employed to detect molybdenum oxides and suboxides during temperature-programmed or isothermal experiments. From the edge position of the spectra of the reference compounds a linear correlation with the average valence of molybdenum in these oxides was found, ranging from molybdenum metal to MoO 3 . The magnitude of the shift in the Mo K -edge with the average Mo valence amounts to ∼6.5 eV per increase in oxidation state by one.
Temperature-Programmed Reduction of MoO 3 with Propene
Temperature-programmed and isothermal reduction of MoO 3 with propene and oxidation of MoO 2 with oxygen was performed in different reactant concentrations and at different temperatures. A summary of the experiments conducted is given in Table 1 . In the following, only a represen- to MoO 2 only these two phases were detected by XRD. The corresponding change in phase composition (MoO 2 and MoO 3 ) during TPR of MoO 3 in 5 vol% propene is depicted in Fig. 3 . The inset to Fig. 3 shows the evolution of the lattice constants of MoO 3 during TPR.
Evolution of Mo K -edge XANES spectra during TPR of MoO 3 in 10 vol% propene from 300 to 773 K at a heating rate of 5 K/min is presented in Fig. 4 . A rapid transition between the near-edge spectra of MoO 3 and that of MoO 2 can be seen at ∼673 K. The corresponding evolution of the Mo K -edge shift and of the gas-phase composition (MS ion currents of H 2 O, CO 2 , and acrolein) is shown in Fig. 5a . For comparison, the evolution of water during the reduction of MoO 3 in 50 vol% hydrogen is also shown (experimental data from (23) a rapid transition between the FT(χ(k)) of MoO 3 and that of MoO 2 can be seen, preceded by a continuous decrease in amplitude of both the first and the second shell, mostly because of the increasing reaction temperature.
In order to obtain a more detailed analysis of the evolution of the MoO 3 structure during TPR in propene, a MoO 3 model structure was refined to the experimental FT(χ(k)) shown in Fig. 7 according to the procedure presented above. The good agreement between theory and experiment that can be achieved has been described previously (22, 23) . Figure 8 shows the evolution of relative Mo-Mo and Mo-O distances in the MoO 3 structure ( Table 2) during TPR of MoO 3 in 10 vol% propene (Fig. 4) . As can be seen from 
Isothermal Reduction of MoO 3 with Propene
Principal-component analysis of XANES spectra measured during isothermal reduction of MoO 3 in 5 vol% propene at 698 K yielded three primary components necessary to describe the experimental data. Target transformation of the reference molybdenum oxides shown in Fig. 1 showed MoO 3 , MoO 2 , and Mo 18 O 52 to be suitable references for the three phases found. A least-squares refinement of the sum of the three reference spectra to the experimental spectra resulted in the evolution of the three phases during isothermal reduction at 698 K in 5 vol% propene (Fig. 9 ). In addition, Fig. 9 shows the normalized ion currents of H 2 O, CO 2 , and acrolein. It can be seen that the evolution of the products of total and partial oxidation (top of Fig. 9 ) follows the phase evolution (bottom of Fig. 9 ). In all of the in situ XAFS measurements conducted on the isothermal reduction of MoO 3 , the phase concentration of Mo 18 O 52 was less than 10%. In the following, the extent of reduction of MoO 3 , α, is defined as evolution of the MoO 2 phase during reduction. Figure 10 shows the extent of reduction α obtained from in situ XAFS experiments during isothermal reduction of MoO 3 in 5 vol% propene at 723 K, 10 vol% propene at 673 K, and 10 vol% propene at 698 K. From the α trace at 673 K in 10 vol% propene a deviation from a symmetric sigmoidal trace can be seen. The acceleratory regime of the reduction at 673 K (up to α ≈ 0.3) can be described by a "power rate law" (α ∼ t 2 ) (60), whereas the deceleratory regime of the reduction can be described by a "threedimensional diffusion" rate law (α ∼ 1−(1−t 1/2 ) 3 ) (60). The point of change between the two rate laws (i.e., a change in the rate-limiting step) is indicated in Fig. 10 . From the isothermal reduction experiments performed it was found that the point of change between the two rate laws is approximately independent of the reaction temperature, but varies with the reactant concentration. As can be seen from Fig. 10 , for the reduction of MoO 3 in 10 vol% propene, at both reaction temperatures 673 and 698 K the point of change between a power law and diffusion law is at α ≈ 0.3. At 723 and 698 K (Fig. 9 ) in 5 vol% propene, the point of change between the two rate laws is at α ≈ 0.4 (dotted line in Fig. 10) .
The extent of reduction curves obtained for the reduction of MoO 3 in 40 vol% propene at different reaction temperatures (798-648 K) is depicted in Fig. 11a . The nonsymmetric shape of the α traces again indicates a change in the rate-limiting step during reduction of MoO 3 . In addition, at reduction temperatures of 798 and 773 K the formation of Mo 4 O 11 distorts the nonsymmetric shape of the extent of reduction traces. Force fitting of the Avrami equation (sigmoidal rate law used to describe nucleation and nuclei growth kinetics) (60) afforded rate constants, which are presented in Fig. 11b in an Arrhenius-type diagram. A linear regression (omitting the rate constant at 648 K) resulted in an apparent activation energy of ∼100 kJ/mol. The much smaller rate constant for the reduction at 648 K indicates a change in the rate-limiting step, as a function of the reaction temperature. The extent of reduction trace denoted "Model" in reduction curve assuming the rate constant "Model," as indicated in Fig. 11b .
Evolution of the extent of reduction α during isothermal reduction of MoO 3 in 5 vol% propene at 623, 648, and 673 K obtained from in situ XRD experiments is depicted in Fig. 12a . From the half-life normalized traces (inset in Fig. 12a ) it can be seen that the same rate laws govern the reduction of MoO 3 at the three temperatures. Figure 12b shows the corresponding apparent activation energy as a function of extent of reduction, E a (α). The E a (α) trace was obtained from an isoconversional analysis (39) of the reduction traces in Fig. 12a . It can be seen that the apparent activation energy of the reduction of MoO 3 with propene continuously decreases with increasing extent of reduction α.
For the reduction of MoO 3 in 5 vol% propene at 623 K the evolution of crystallite sizes for directions perpendicular to the (010) and (110) planes in the MoO 3 lattice and for the direction perpendicular to the (011) plane in the MoO 2 lattice as a function of the extent of reduction (Fig. 12a) is depicted in Fig. 13a . Crystallite sizes were calculated from the integral breath of the corresponding diffraction lines of the two structures using the Scherrer formula (40) . The dashed line in Fig. 13a indicates the transition from a power law kinetics to a diffusion-controlled regime. From Fig. 13a it can be noticed that in the direction perpendicular to the layers in the MoO 3 structure ([010] direction), a crystallite growth occurs during the reduction of MoO 3 in propene. Unfortunately, diffraction lines from crystallographic planes perpendicular to the MoO 3 layers were not available for analysis. However, from the analysis of the (110) line, which is affected by structural changes in the MoO 3 layers, it can be seen that the (110) diffraction line is broadened during reduction, seemingly resulting in a decrease in crystallite size in the direction perpendicular to (110). MoO 2 crystallites appear to grow rapidly from ∼140 to ∼170 A ❛ in the early stage of the reduction (α < 0.4). For α > 0.4 no further growth of the MoO 2 crystallites is observed. It can be seen from Fig. 13a that the point from where on the MoO 2 crystallite size remains constant approximately coincides with the change in rate laws during reduction (dashed line in Fig. 13) .
In Fig. 13b 
Temperature-Programmed Oxidation of MoO 2
The evolution of XRD patterns measured during temperature-programmed oxidation (TPO) of MoO 2 in 20 vol% oxygen from 300 to 773 K at a heating rate of 3 were detected, either under the temperature-programmed or under the isothermal oxidation conditions employed in this work (Table 1 ). In addition to XRD studies, in situ time-resolved XAS experiments were performed during TPO of MoO 2 in oxygen. A principal-component analysis of the XANES spectra measured during TPO of MoO 2 in 5 vol% oxygen from 300 to 773 K at a heating rate of 5 K/min afforded at least three components necessary to describe the experimental data. From target transformation of the molybdenum oxide references in Fig. 1 Fig. 15a . A good agreement in the half-lives obtained with the two techniques can be seen. The inset in Fig. 15a shows the half-life normalized extent of oxidation curves obtained from in situ XRD measurements. Because the traces are of similar shape, in the temperature range from 598 to 698 K the oxidation of MoO 2 in 1 vol% oxygen is governed by the same rate law. From an isoconversional analysis of the extent of oxidation traces shown in Fig. 15a , the apparent activation energy as a function of the extent of oxidation α, E a (α), was calculated (Fig. 15b) . For the oxidation of MoO 2 in 1 vol% oxygen, it can be seen that the apparent activation energy increases continuously during the reaction, ranging from ∼95 to ∼180 kJ/mol.
A principal-component analysis of the Mo K near-edge spectra measured during isothermal oxidation of MoO 2 in 1 vol% oxygen at temperatures above 673 K afforded the two majority phases, MoO 2 and MoO 3 , and the minority phase, Mo 18 O 52 , to be sufficient to describe the experimental data. It is interesting that PCA of XANES spectra measured for 60 min during oxidation of MoO 2 at 673 K yielded only two phases necessary to describe the experimental data, namely MoO 2 and Mo 18 O 52 . Only after reaction times of more than 60 min was MoO 3 detected as a third phase.
DISCUSSION
Structural Evolution during Reduction of MoO 3 in Propene
In the work presented here the reduction of the layer structure of orthorhombic MoO 3 (Pbnm, a = 3.936 A
) with propene and the oxidation of the rutile structure of MoO 2 with oxygen have been studied under various reactant concentrations in temperatureprogrammed and isothermal experiments (Table 1) . Reduction and reoxidation of MoO 3−x are of particular interest because they constitute the two fundamental steps of the so-called redox mechanism for partial oxidation of alkenes on molybdenum oxide catalysts (1). During temperatureprogrammed reduction of MoO 3 with propene no crystalline phases other than MoO 3 and MoO 2 were detected by in situ XRD (Fig. 2) . However, during TPR in propene two distinct peaks in the evolution of the gas-phase concentration of H 2 O, CO 2 , and acrolein were seen (Fig. 5a) , whereas during TPR in hydrogen only one distinct peak in the evolution of H 2 O was observed (data from Ref. 23 ). The two peaks observed in the evolution of the gas-phase composition together with the corresponding two peaks in the first derivative of the Mo K -edge shift indicate the presence of an intermediate phase during reduction of MoO 3 in propene. Principal-component analysis of XANES spectra measured during TPR of MoO 3 in propene identified this intermediate as Mo 18 O 52 (Fig. 5b) . Because the mass spectrometer used for the XRD and XAS experiments was not calibrated, only qualitative catalysis data can be provided. However, at 713 K the conversion of propene on MoO 3 was reported to be 7% with an acrolein yield of 2% (5), and it is assumed that the catalytic behavior of the material used here is similar. In addition to the TPR experiments, the formation of Mo 18 O 52 was also observed during isothermal reduction of MoO 3 at the temperatures employed.
To further corroborate the formation of Mo 18 O 52 a detailed EXAFS analysis of the Fourier transformed χ(k) (Fig. 7 ) measured during TPR of MoO 3 in propene was performed. By using theoretical phases and amplitudes calculated for the orthorhombic layer structure of MoO 3 , an excellent agreement between theory and experiment can be achieved. However, with increasing reaction temperature a mixture of up to three phases (MoO 3 , Mo 18 O 52 , and MoO 2 ) is obtained that cannot be fitted anymore by a mixture of the EXAFS functions of the three different model systems in spite of the good data quality of the χ(k) up to ∼16 A ❛ (Fig. 6) . Therefore, an EXAFS fit of a single MoO 3 model structure to the experimental χ(k) measured was attempted up to temperatures of 673 K (i.e., formation of MoO 2 ). From Table 2 it can be seen that trying to refine the MoO 3 model structure to an experimental χ(k) of the reference Mo 18 O 52 results in characteristic changes in certain Mo-O and Mo-Mo bond distances. From Fig. 8 it can be noticed that at a reaction temperature of about 573 K significant changes in nearest-neighbor distances occur that coincide with the onset of the formation of Mo 18 O 52 ( Fig. 5b) and that are in agreement with the deviations expected when trying to fit a MoO 3 model structure to an experimental χ(k) of Mo 18 O 52 (Table 2 ).
According to the XANES (Fig. 5b) and the EXAFS analysis (Fig. 8) (41, 42) , in particular with the direct observation of the formation of CS planes by electron microscopy (12) . In addition, theoretical calculations have shown that the removal of oxygen from the lattice is facilitated when accompanied by a structural rearrangement of the oxide lattice resulting in crystallographic shear (43, 44) . However, an equilibrium should exist between CS structures and point defects that may explain the reactivity observed for ReO 3 -type oxides (45 (49)). Several of the molybdenum suboxides form different types of shear structures and the origin of CS planes in MoO 3 was described in detail by Bursill (50) . With respect to the molybdenum oxide references ( Fig. 1 ) employed in the principal-component analysis of the in situ XANES spectra (Fig. 4) (52) or Mo 4 O 11 (53)), which would require a considerable reconstructive structural transformation.
For the reduction of MoO 3 with propene we propose the following reaction mechanism (schematic representation shown in Fig. 16, left side) . Oxidation of propene with lattice oxygen takes place at the (100) or (001) facets of MoO 3 and results in the formation of oxygen vacancies (Fig. 16A) . By means of oxygen vacancy diffusion into the MoO 3 bulk along the [100] or [001] direction, lattice oxygen at the surface of the (100) or (001) facets is replenished (Fig. 16B) . Because oxygen diffusion in the MoO 3 layer structure along [100] or [001] is much faster than along [010] (perpendicular to the layers) (16, 54, 55) , generation of oxygen vacancies at the basal planes of MoO 3 does not play a significant role in the bulk reduction of MoO 3 in propene. After a certain concentration of oxygen vacancies in the MoO 3 bulk structure has been exceeded, the oxygen vacancies are consumed by the formation of shear structures (Mo 18 O 52 type) in the MoO 3 bulk (Fig. 16C) . Eventually, the shear structures serve as nucleation sites for the formation and subsequent growth of MoO 2 crystallites (Fig. 16D) . The overall mechanism is in good agreement with individual steps that have been previously proposed (11, 56, 57) .
The schematic model in Fig. 16 is further corroborated by the evolution of the MoO 3 structure obtained from isothermal XRD experiments during reduction with propene. Figure 13b shows a slight increase in the b lattice constant of MoO 3 during reduction that corresponds to an expansion of the structure perpendicular to the layers. This expansion is probably caused by the formation of Mo 18 O 52 type shear structures in the MoO 3 bulk (Fig. 16C) . A similar expansion has been reported for the mechanical activation of MoO 3 (58) . During temperature-programmed reduction this expansion was obscured by the large thermal expansion of MoO 3 in the b direction (Fig. 3) ; however, it is clearly detectable during isothermal reduction. It can also be seen from Fig. 13b that the ratio of the integrated intensities (peak area) of the (020) and (110) diffraction line of MoO 3 increases during reduction in propene. This increase in the A(020)/A(110) ratio indicates that diffraction by the (110) lattice planes that contain contributions from the inplane structure of MoO 3 is more affected by the ongoing reduction than is diffraction by the (020) lattice planes that correspond to the stacking of the layers in the MoO 3 structure. It can be imagined from Fig. 16C that the formation of shear structures in the MoO 3 lattice and the subsequent growth of MoO 2 nuclei has a more pronounced effect on diffraction from the in-plane structure than from the layer structure of MoO 3 . Similarly, the evolution of the MoO 3 crystallite sizes calculated from the (110) and (020) diffraction line width indicates an anisotropic structural change in the MoO 3 lattice during reduction in propene (Fig. 13a ) (59) .
Solid-State Kinetics of the Reduction of MoO 3 in Propene
In addition to the evolution of phases (Fig. 9 ) and the bulk structure of MoO 3 (Fig. 13) during the reduction in propene, the solid-state kinetics of the reduction of MoO 3 was obtained from isothermal time-resolved XRD and XAFS experiments at various temperatures and under different reactant concentrations (Table 1 ). It was found that the extent of reduction curves obtained (Figs. 10-12) could not be sufficiently described by a single rate law. This indicates that the kinetics of the reduction of MoO 3 with propene is governed by at least two different rate-determining steps. The half-life normalized traces shown in Fig. 12a (inset) indicate that the contribution of the two separate rate laws to the overall extent of reduction curves remains approximately the same at different reaction temperatures.
From the various solid-state kinetic models described in the literature (60-62) the following two rate laws were found to yield the best agreement with the experimental data (Fig. 10) . During the first stage of the reduction (up to α = 0.3 in 10 vol% propene) the rate of reduction is best described by a "power law," α = kt 2 . Provided a rapid ("instantaneous") nucleation is assumed to occur in the very early stage of the reduction, the power law indicates a growth of the MoO 2 nuclei in two dimensions in the MoO 3 layer structure. The growth of the MoO 2 crystallites formed during the first stage of the reduction of MoO 3 can indeed be seen in the evolution of crystallite sizes obtained from isothermal in situ XRD measurements (Fig. 13a) . In addition, the very rapid nucleation process may be the reason for the rapid increase in the b lattice constant of MoO 3 in the very early stage of the reduction with propene (Fig. 13b) .
With increasing extent of reduction α the rate law changes from a power law to a rate law that indicates that diffusion in three dimensions is the rate-determining step (Fig. 10) . During this second stage of the reduction, the MoO 2 nuclei that have formed in the first stage of the reduction are growing in three dimensions in the MoO 3 layer structure, with mass diffusion in the three dimensions being the rate-determining step. It is interesting that the "crossover point" in α where the power law kinetic changes to a diffusion-controlled kinetic varies with increasing propene concentration. It is found that the crossover point shifts toward smaller values of α with increasing propene concentration. This indicates that with increasing propene concentration and, hence, increasing reduction rate, diffusion in the MoO 3 crystallites becomes rate limiting sooner than at lower propene concentrations at the same temperature. This can be seen for the reduction at 698 K in 10 vol% propene, which proceeds initially faster than the reduction at 723 K in 5 vol% propene (Fig. 10) . However, for the reduction at 698 K in 10 vol% propene the crossover point is α ≈ 0.3, whereas at 723 K in 5 vol% the crossover point is α ≈ 0.4.
In addition to a change in the rate-limiting step as a function of the extent of reduction (Fig. 10) , a change in the rate-limiting step was also observed with decreasing reaction temperature. From the extent of reduction curves depicted in Fig. 11a for the reduction of MoO 3 in 40 vol% propene it can be seen that at a reaction temperature of 648 K the extent of reduction curve can not be described anymore by a "nucleation-growth" rate law (as indicated by the discrepancy between the trace labeled "Model" in Fig. 11 and the corresponding experimental trace at 648 K). Instead, the extent of reduction curve in 40 vol% propene at 648 K has to be described as being entirely diffusion controlled. The temperature of 648 K coincides with a change in the rate-limiting step for α > 0.5 from "nuclei growth" to "diffusion control" observed for the oxidation of MoO 2 in 100 vol% oxygen (24) . Apparently, at this reaction temperature in 40 vol% propene the diffusion of oxygen in the layers of MoO 3 (Fig. 16B) is not sufficient anymore to permit fast enough nuclei formation and nuclei growth.
By "force fitting" the Avrami equation to the extent of reduction curves depicted in Fig. 11a , rate constants were obtained and subsequently used to assemble the Arrheniustype diagram shown in Fig. 11b . The apparent activation energy obtained (∼100 kJ/mol) is in good agreement with values reported in the literature (11, 17, 63) and the isoconversional analysis as described below. Furthermore, it can be seen from the change in slope in the extent of reduction curves at 798 and 773 K that at these temperatures the formation of Mo 4 O 11 was observed from a parallel reaction of MoO 2 and MoO 3 (25) .
Because the overall shape of the extent of reduction curves obtained from isothermal XAS and XRD experiments is not significantly affected by the reaction temperature (Fig. 12a) , isoconversional analyses (39) of sets of the extent of reduction curves obtained at different temperatures under the same reactant concentration were performed. In the conventional "model force fitting" analysis of solid-state kinetic data, a "suitable" solid-state kinetic model is refined to the experimental extent of reaction curves and the apparent activation energy is obtained from an Arrhenius-type diagram (Fig. 11b) . In contrast, from an isoconversional analysis the evolution of the apparent activation energy as a function of the proceeding solid-state reaction can be obtained on a model-free basis. In Fig. 12b the evolution of the apparent activation energy E a (α) as a function of the extent of reduction α is depicted for the reduction of MoO 3 in 5 vol% propene (Fig. 12a) . It can be seen that E a (α) decreases from ∼160 kJ/mol in the stage of reduction that is governed by MoO 2 nucleation and growth in two dimensions (power law, α ∼ t 2 ) to ∼100 kJ/mol in the stage of reduction that is controlled by diffusion in three dimensions. This range is in good agreement with the previously reported apparent activation energies for oxygen vacancy diffusion in MoO 3 of about 93 kJ/mol (11, 63) . Also the apparent activation energy of 120 kJ/mol, as proposed by Abon et al. (17) for the partial oxidation of propene to acrolein, lies well within the range given in Fig. 12 .
Because an isoconversional analysis of isothermal reduction curves is a model-free approach, by definition it does not permit conclusions regarding the reaction mechanism. However, empirically it has been found that certain E a (α) curves are often associated with particular reaction mechanisms. A decreasing apparent activation energy as a function of α, as shown in Fig. 12b , for instance, may indicate a reaction that is complicated by diffusion (39) which would be in good agreement with the model-based analysis of the isothermal extent of reduction curves (Fig. 9) .
The solid-state kinetics of the reduction of MoO 3 in propene as obtained from isothermal in situ XRD and XAS experiments corroborates the reduction model proposed in Fig. 16 . In the early stage of the reduction (α < 0.3) the steps A (formation of oxygen vacancies), B (vacancy diffusion), C (formation of shear-structures Mo 18 O 52 ), and D (formation of MoO 2 nuclei in the MoO 3 layer structure) proceed very rapidly, resulting in the observed power law (α ∼ t 2 ) (Fig. 10) . With increasing extent of reduction, the MoO 2 nuclei formed need to grow in three dimensions, which is rendered difficult by the lack of diffusion paths across the van der Walls gap perpendicular to the layers in MoO 3 . In this stage of the reduction of MoO 3 with propene, mass diffusion in three dimensions in the MoO 3 bulk becomes rate limiting.
Reduction of MoO 3 in Propene or Hydrogen
In contrast to the reduction of MoO 3 in hydrogen (23) , no formation of molybdenum bronzes was observed during reduction of MoO 3 in propene. Apparently, during reduction in propene, hydrogen is not at all or only to a small extent incorporated into the MoO 3 layer structure. Similar to the reduction of MoO 3 with hydrogen, no formation of Mo 4 O 11 was detected under temperature-programmed conditions. During isothermal reduction of MoO 3 with propene at temperatures above 750 K, however, the formation of Mo 4 O 11 was detected. This observation corroborates our previous conclusion that Mo 4 (25) .
Compared to the solid-state kinetics of the reduction of MoO 3 in hydrogen several significant differences were found in the kinetics of the reduction of MoO 3 in propene. Although in both cases the early stage of the reduction is governed by product nucleation and nuclei growth, a α ∼ t 3 rate law was found for the reduction in hydrogen (25) , whereas a α ∼ t 2 rate law is found for the reduction in propene. Assuming the same very rapid nucleation in the very early stage of the reduction, the former indicates a growth in three dimensions, whereas for the reduction in propene the growth of the product nuclei is confined to two dimensions in the MoO 3 layer structure. Furthermore, the strong dependence of the apparent activation energy on the reactant concentration that was found for the reduction of MoO 3 in hydrogen (25) was not observed for the reduction in propene. Apparently, the incorporation of hydrogen in the MoO 3 layer structure during reduction (23) results in a lowering of the apparent activation energy with increasing hydrogen concentration. Because no detectable amount of hydrogen is incorporated in the MoO 3 structure during reduction in propene, the apparent activation energy for the processes occurring in the MoO 3 bulk during nucleation and nuclei growth remain basically unaffected by the propene concentration. Different apparent activation energies for the reduction of MoO 3 with hydrogen and propene have been previously reported and attributed to the different energies required for the dissoziative adsorption of H 2 and propene on MoO 3 (53, 64). In contrast to the results described above, Sloczynski and co-workers proposed an autocatalytic mechanism for the reduction of MoO 3 in the temperature range 733-813 K with the same kinetics and rate-determining step in both hydrogen and propene (53, 65) . However, at these temperatures, addition of MoO 2 results in the formation of Mo 4 O 11 and, thus, naturally alters the reduction properties of the system studied. Conversely, in our studies, no effect of adding MoO 2 on the rate of reduction was observed at temperatures below 700 K. Furthermore, the results outlined above clearly indicate different kinetics for the reduction of MoO 3 in hydrogen and propene.
Structural Evolution during Oxidation of MoO 2 in Oxygen
Similar to the reduction of MoO 3 with propene, MoO 3 and MoO 2 were the only crystalline phases detected by in situ XRD during temperature-programmed or isothermal oxidation of MoO 2 to MoO 3 (Fig. 15a) . However, principal-component analysis of XANES spectra measured during TPO of MoO 2 clearly indicated the presence of at least three components necessary to reconstruct the experimental data. When the XANES spectra of the molybdenum oxide references were employed, as shown in Fig. 1 (25) .
A schematic representation of a reaction mechanism for the oxidation of MoO 2 in oxygen is depicted in Fig. 16 (right side). In the early stage of the oxidation (Fig. 16D ) the rutile structure of MoO 2 is transformed into the layer structure of MoO 3 , which at this stage, though, still contains a large number of CS planes (Fig. 16C) . At temperatures below 700 K, it seems that the presence of CS planes in MoO 3 does not improve oxygen diffusion in the lattice, as suggested previously (66) . At reaction temperatures above ∼700 K (Fig. 16B ) the generation of oxygen vacancies from the Mo 18 O 52 -type shear structures and diffusion of the vacancies to the (100) or (001) surfaces of MoO 3 is sufficiently fast to permit complete oxidation to MoO 3 (Fig. 16A) . The overall mechanism proposed in Fig. 16 
Solid-State Kinetics of the Oxidation of MoO 2 with Oxygen
The solid-state kinetic of the oxidation of MoO 2 in 100 vol% oxygen has been described in detail in a previous study (24) . The half-life of MoO 2 during oxidation in 1 vol% oxygen as a function of reaction temperature obtained from isothermal in situ XRD and XAS measurements is shown in Fig. 15a . In the overlapping temperature region at 675 and 700 K the good agreement in the half-lives as determined by the two techniques can be seen. The half-life normalized extent of oxidation traces depicted in Fig. 15a indicate that over the temperature range studied approximately the same rate law governs the oxidation of MoO 2 in 1 vol% oxygen. A rate law that assumes diffusion in three dimensions to be the rate-limiting step (α ∼ 1 − (1 − t 1/2 ) 3 ) was again found to yield the best match to the experimental extent of oxidation traces. The evolution of the apparent activation energy as a function of the extent of oxidation, E a (α) (Fig. 15b) , in 1 vol% oxygen was obtained from an isoconversional analysis of the extent of oxidation curves corresponding that shown in Fig. 15a . In contrast to the reduction of MoO 3 with propene, an increase in E a (α) with α was obtained for the oxidation of MoO 2 ranging from ∼100 to ∼180 kJ/mol. This range is in good agreement with a previously reported apparent activation energy of 148 kJ/mol obtained by model force fitting (24, 70, 71) . Empirically it was found that an increasing E a (α) trace may be indicative of a consecutive reaction (39) which is in agreement with the mechanism depicted in Fig. 16 .
Compared to the solid-state kinetics observed for the oxidation of MoO 2 in 100 vol% oxygen (24) , a transition in kinetics seems to occur as a function of the oxygen concentration. Apparently, at high oxygen concentrations the mass transport of oxygen in the MoO 2 bulk is not rate limiting in the early stage of the oxidation. However, it becomes rate limiting with increasing α and at temperatures below 700 K (24) . At low oxygen concentrations the mass transport of oxygen is rate limiting throughout the entire oxidation of MoO 2 to MoO 3 , although with a varying apparent activation energy as a function of the extent of oxidation.
Implications of Phase and Structural Evolution during Reduction and Oxidation of MoO 3−x for Partial Oxidation Reactions
Combining the results obtained on the structural evolution and the solid-state kinetics of the reduction of MoO 3 in propene and the oxidation of MoO 2 in oxygen, three different temperature-dependent stages of the partial oxidation of propene with oxygen on MoO 3 are suggested. At temperatures below ∼600 K the diffusion of oxygen vacancies in the layers of the MoO 3 structure is too slow to permit any considerable contribution of bulk oxygen to the partial oxidation reaction. Any reaction occurring in this temperature regime proceeds by oxygen species adsorbed on the surface of MoO 3 or by participation of oxygen in only the topmost surface layers of the MoO 3 structure (72) .
At temperatures between ∼600 and ∼700 K the rate of diffusion of oxygen in the MoO 3 bulk is sufficient to permit participation of bulk oxygen in the oxidation of propene at the (100) or (001) side planes of the MoO 3 structure (Fig. 16) . Propene oxidation products obtained indicate that both partial and total oxidation proceed on the (100) and (001) facets of MoO 3 . Reoxidation of the MoO 3−x bulk by oxygen from the gas phase will not remove the shear structures formed in the MoO 3 structure (Mo 18 O 52 ). This explains the average valence of less than 6.0 that has been reported in the literature for MoO 3 catalysts under reaction conditions. At reaction temperatures above ∼700 K the formation of oxygen vacancies from the shear structures in the MoO 3 lattice is facilitated, and given the rapid diffusion of these vacancies in this temperature regime, a complete reoxidation of the catalyst with oxygen from the gas phase is feasible.
Apparently, in the second and the third stage described, a redox mechanism for partial oxidation of propene on MoO 3 involving the participation of bulk oxygen may be operative.
CONCLUSIONS
Reduction of MoO 3 in propene and oxidation of MoO 2 in oxygen were investigated by in situ XRD and XAFS. Temperature-programmed and isothermal experiments were performed to elucidate the structural evolution of phases present during the reactions and, in addition, to reveal the solid-state kinetics of the processes involved. The solid-state kinetics of the reduction of MoO 3 in propene exhibits a change in the rate-limiting step both as a function of temperature and as a function of the extent of reduction α. With increasing α at a given temperature a transition from nuclei growth kinetics to a threedimensional diffusion-controlled regime is observed. With decreasing temperature (<600 K) a transition to a regime that is entirely controlled by oxygen diffusion in the MoO 3 lattice was found. The solid-state kinetics of the oxidation of MoO 2 is governed by three-dimensional diffusion.
A schematic reaction mechanism for the reduction of MoO 3 in propene and the reoxidation in oxygen is proposed that consists of (i) generation of oxygen vacancies at the (100) or (001) facets by reaction with propene, (ii) vacancy diffusion in the MoO 3 bulk, (iii) formation of Mo 18 O 52 -type shear structures in the lattice, and (iv) formation and growth of MoO 2 nuclei. The mechanism is in agreement with previous reports of the propene oxidation on MoO 3 being a structure-sensitive reaction.
With respect to a redox mechanism for the partial oxidation of propene on MoO 3 , three stages are distinguished. (i) At temperatures below ∼600 K the participation of oxygen from the MoO 3 bulk is negligible. (ii) At temperatures between ∼600 and ∼700 K oxygen vacancy diffusion in the bulk is sufficient to make a redox mechanism feasible. Because the complete reoxidation of the Mo 18 O 52 -type shear structures is inhibited, a partially reduced MoO 3 with CS planes in the lattice is obtained under reaction conditions. (iii) At temperatures above ∼700 K sufficiently fast oxygen diffusion in the lattice combined with rapid formation and annihilation of CS permits the participation of a considerable amount of the lattice oxygen of MoO 3 in the partial oxidation of propene.
